Chinese yam (Dioscorea opposita), peeled or whole, is a popular food item that is considered to be healthy. Often, the yam is peeled before cooking. However, it is also consumed with peel. Therefore, in this study, the peel of this yam was extracted sequentially with n-hexane, ethyl acetate and methanol, and studied for its health-benefits, using in vitro bioassays. Bioactivity-guided purifications of extracts of the peel afforded phenanthrenes (1-4), as characterized by spectroscopic methods. Phenanthrene 1 is a novel analogue. The extracts and isolates were tested for antiinflammatory activity using cyclooxygenase enzyme (COX-1 and -2) inhibitory assays. All phenanthrenes isolated from the yam peel showed higher inhibition of COX enzymes than the over-the-counter nonsteroidal anti-inflammatory drugs (NSAIDs) aspirin, ibuprofen and naproxen.
The Dioscorea genus (Dioscoreaceae) comprises about 600 species [1, 2] . The Chinese yam, D. opposita Thunb., has been widely cultivated in Asia, China, Japan and Korea and its rhizome has been consumed for centuries as a popular food. Previous studies on the extracts and compounds isolated from D. opposita have shown diverse pharmacological properties. For example, the inhibitory effect of dexamethasome-induced insulin resistance and the insulin sensitivity associated with the regulation of GLUT4 expression by D. opposita extract have been reported [3] . Similarly, polysaccharides in the yam showed antioxidant, cell proliferation inhibition [4] , immunological [5] and cellular immune response enhancing effects [6] . Although limited reports are available on chemical constituents and their biological activity, a series of phenolic compounds with pancreatic lipase inhibitory, radical scavenging and cyclooxygenase-2 (COX-2) inhibitory activities have been isolated from fresh rhizomes of D. opposita [7, 8] . Also, Zhang et al. reported -glucosidase inhibitory activities of crude ethanolic extracts and four isolates of the rhizomes of D. opposita [9] . Phenanthrene glycoside, soyacerebroside I, adenosine, sitosterol, palmitic acid and palmitoyloleoylphosphatidylcholine were other isolates reported from this yam [10, 11] .
Chinese yam is commonly used as an ingredient in soups. Also, flour prepared from it is used in food preparations requiring starch as a main ingredient. Although the peeled yam is common in most cooking, the unpeeled yam has also been consumed regularly. The peel of this yam has not been studied before and hence prompted us to study it for bioactive constituents. In this study, fresh Chinese yam was peeled, dried and sequentially extracted with n-hexane, ethyl acetate and methanol. The extracts and pure isolates were tested for antiinflammatory activity by using in vitro cyclooxygenase enzyme (COX-1 and -2) [12] [13] [14] inhibitory assays. Herein, we report the inhibition of COX enzymes, inflammation causing enzymes, by D. opposita peel extracts and its pure isolates.
A preliminary COX-1 enzyme assay of extracts showed both hexane and ethyl acetate extracts of peel (E1 and E2) with good inhibition at 100 µg/mL [12] [13] [14] . Therefore, we conducted a bioassay-guided purification that resulted in four bioactive phenantherenes (1-4) ( Figure 1 ), out of which phenanthrene 1 is novel. In addition, fatty acids (palmitic acid, stearic acid, oleic acid and linoleic acid), and sterols (β-sitosterol, and β-sitosteryl-3βglucopyranoside-6-O-palmitate) [15, 16] were isolated from the hexane and ethyl acetate extracts of the peel. The structures of the phenanthrenes were determined by 1 H-, 13 C-NMR, and 2D-NMR spectroscopic and MS analyses. Major compounds in the methanolic extracts (E3) were determined by NMR spectral analyses and TLC comparison with authentic samples as saccharides, including glucose, fructose and sucrose. It is important to point out that the bioactive phenanthrenes (1) (2) (3) (4) were in the hexane and ethyl acetate extracts of peels and not in the extracts yielded from the flesh. 7 and 56.0. The above-mentioned data suggested that compound 1 was a phenanthrene with two hydroxy and two methoxy groups. Two hydroxyl groups were connected to C-2 and C-6 based on the HMBC correlations of 2-OH/C-1, C-2 and C-3, and 6-OH/C-5, C-6 and C-7, respectively. Two methoxyl groups were attached to C-4 and C-7 by the HMBC correlations of 4-OMe/C-4 and 7-OMe/C-7, respectively. The chemical structure of 1 as 2,6-dihydroxy-4,7-dimethoxyphenanthrene was further confirmed by HMBC experiments. Phenanthrenes 1 and 3 are structural analogues with the only difference being in the methoxyl and hydroxyl substitutions at C-6 and C-7. A comparison of the NMR spectral data of these two phenanthrenes (Table 1) helped to assign unambiguously the structure of compound 1. Based on the literature review, this compound has never been reported and hence considered as a new phenanthrene analogue.
The extracts and pure phenanthrene isolates 1-4 were evaluated for their antiinflammatory activity by measuring the inhibition of cyclooxygenase enzymes COX-1 and -2 [12] [13] [14] . The extracts (E1-E3) showed COX-1 enzyme inhibition of 60%, 61%, and 36%, respectively, at 100 μg/mL. These data clearly suggested that the hexane and ethyl acetate extracts of the yam peel contained secondary metabolites that are significant in inhibiting COX enzymes. This was further confirmed by the strong COX enzyme inhibitory activity exhibited by phenanthrenes 1-4 isolated from the extracts of the peels. Compounds 1, 3 and 4 showed strong antiinflammatory activity, as demonstrated by the COX-1 and -2 enzyme inhibitions ( Figure 2B ). For example, at 1.25 μg/mL, compounds 1, 3 and 4 inhibited both COX-1 and -2 by around 44%.
A dose response study revealed that at 2.5 μg/mL, compounds 1, 3 and 4 inhibited COX-1 enzyme by 49%, 48% and 48% and COX-2 enzyme by 52%, 51% and 49%, respectively. Similarly, at 5 μg/mL, compounds 1, 3 and 4 inhibited COX-1 enzyme by 59%, 60% and 60% and COX-2 enzyme by 63%, 63% and 63%, respectively. Compound 2 also showed good activity as indicated by the inhibition of COX-1 enzyme by 39%, 48% and 59% and COX-2 enzyme by 37%, 51% and 62%, respectively, at 6.25, 12.5 and 25 μg/mL ( Figure 2B ). The COX enzyme inhibitory assay results of these phenanthrenes with two methoxy groups (1, 3 and 4) at 2.5 μg/mL and the one with three methoxy groups (2) at 12.5 μg/mL showed activity similar to that of aspirin, ibuprofen and naproxen, which were used as positive controls in this assay at 108, 12 and 15 μg/mL, respectively (Figure 2A) . The structure-activity relationship of phenanthrenes, based on the COX enzyme inhibitory assay, suggested that free hydroxyl groups in compounds 1, 3 and 4 contributed to the enhanced inhibitory activity of COX-1 and -2 enzymes.
COX-2 enzyme has been linked to tumor initiation and progression [17] . Therefore, based on the strong COX-2 enzyme inhibitory activity exhibited by these compounds, phenanthrenes 1-4 were tested for their potential inhibition of tumor cell proliferation against human colon, breast, stomach (AGS), prostate (DU145 and LNCaP) and CNS tumor cell lines in in vitro assays [18, 19] . At 5 μg/mL concentration, these compounds did not inhibit tumor cell proliferation.
Based on column and TLC purification results, the qualitative estimate of compounds isolated from Chinese yam were 77.4 mg of phenanthrenes, 33.5 mg of fatty acids and 31.9 mg of sterols in its Antiinflammatory phenanthrenes from Dioscorea opposita Natural Product Communications Vol. 11 (9) 2016 1315 peels per kg of fresh yam. The extracts and phenanthrenes isolated from the peels showed stronger antiinflammatory activity than the nonsteroidal anti-inflammatory drugs (NSAIDs) aspirin, ibuprofen and naproxen, as shown by COX-1 and -2 enzymes inhibition. This is the first report of the antiinflammatory activity of phenanthrenes 1, 2 and 4. Also, compounds 1 and 4 were isolated for the first time from D. opposita.
We also extracted the flesh of this yam separately, as in the case of peels. TLC analyses of extracts of flesh revealed that it did not contain phenanthrenes. It is, therefore, clear that the functional food constituents present in Chinese yam, the phenanthrenes with antiinflammatory activity, are found only in its peel. Our results suggest that consumption of this yam with peel is desirable in order to afford health-benefits.
Experimental
General experimental procedures: All solvents used for isolation and purification were of ACS reagent grade (Sigma-Aldrich Chemical Co., St. Louis, MO, USA). Merck silica gel (60 mesh size, 35-70 μm) with particle size of 60 μm was used for mediumpressure liquid chromatography (MPLC). Silica gel plates 250 and 500 μm (Analtech, Inc., Newark, DE, USA) were used for preparative thin-layer chromatography (TLC). NMR spectra were recorded on an Agilent DirectDrive2 500MHz spectrometer (Agilent Technologies, Palo Alto, CA, USA). ESIMS were recorded on a Waters Xevo G2-S Q-TOF LC mass spectrometer (Waters Corporation, Milford, MA, USA). Aspirin, naproxen, and ibuprofen were purchased from Sigma-Aldrich Chemical Co. Similarly, the nonsteroidal antiinflammatory drug (NSAIDs) Celebrex was a physician's professional sample. COX-1 and -2 enzymes were prepared in our laboratory from ram seminal vesicles (Oxford Biomedical Research, Inc., Oxford, MI, USA) and insect cells cloned with human PGHS-2 enzyme, respectively. Arachidonic acid was purchased from Oxford Biomedical Research, Inc. Compound 2: Brown powder. According to the spectral data, it was identified as 6-hydroxy-2,4,7-trimethoxyphenanthrene [9] .
Compound 3: Brown powder. According to the spectral data, it was identified as 2,7-dihydroxy-4,6-dimethoxyphenanthrene [20] Compound 4: Brown powder. Based on the spectral data, it was identified as 6,7-dihydroxy-2,4-dimethoxyphenanthrene [20] .
Cyclooxygenase enzyme (COX-1 and -2) inhibitory assay:
The COX-1 and -2 enzyme (prepared from ram seminal vesicles and insect cells cloned with human COX-2 enzyme, respectively, in our laboratory) inhibitory effects of test samples were measured by monitoring the initial rate of O 2 uptake using an Instech micro oxygen chamber and electrode (Instech Laboratories) attached to a YSI model 5300 biological oxygen monitor (Yellow Springs Instrument, Inc.) at 37 o C following the published procedure [12] [13] [14] .
Supplementary data: 1 H, 13 C, HSQC, HMBC and mass spectra of 1; 1 H, 13 C, HMBC and mass spectra of 2; 1 H and 13 C spectra of 3; 1 H spectra of 4 are available.
